ABSTRACT
INTRODUCTION
POLYMERIC insulator materials have been used in high voltage applications across the globe for more than 20 years and have been increasingly replacing glass and porcelain as insulation material for power line insulators. Their increased competitiveness is based on their superior characteristics, such as their lower weight. Some polymeric insulators also have the property of hydrophobicity, which ensures improved performance in polluted areas. However, field experience and research studies have highlighted the possibility of material aging, especially in polluted environments [1] [2] [3] . Although initially hydrophobic, the insulator may become hydrophilic under service conditions, leading to the flow of leakage current and dry band arcing and the possibility of aging by tracking or erosion. For this reason, various internationally standardized test methods have been developed in order to test polymeric insulator materials regarding their ability to resist a number of environmental aging and degradation factors. One of these test methods is the Inclined Plane Test (IPT) method outlined in the International IEC 60587 standard [4] . Insulator materials (of polymeric or other nature) tested by this method are evaluated on their resistance to tracking and erosion induced by surface discharges. The discharges are brought about by contaminating the test samples surface with a liquid pollutant whilst applying a test voltage to the sample as shown in Figure 1 .
The standard test includes testing by ac voltage only and a similar test for dc voltage has not yet been standardized. Moreno and Gorur [5] performed inclined plane tests on polymeric housing materials, using the ac method and a modified apparatus to do dc tests. They only used positive polarity dc as it is generally considered to be more severe than negative polarity. They concluded that the dc test was more severe than the ac test due to the higher magnitudes and longer duration of the discharge current pulses. Gorur performed ac and dc tests on cylindrical rods in a fog chamber and found that the time to failure was similar for ac and positive dc but much shorter for negative dc, due to the increased pollution collection [6] . At low conductivity silicone rubber outperformed EPDM rubber but at higher conductivity the order was reversed. Gustavson tested cylindrical silicone rubber samples in a coastal environment under ac and dc voltage [7] .
The dc stressed samples showed higher leakage currents and more severe surface degradation, compared to the samples exposed to ac voltage. They identified thermal depolymerization as the main degradation factor.
In general, the dc performance of polymer insulating materials under polluted conditions has been less thoroughly researched than the ac case. The aim of the research described in this paper is therefore to evaluate the performance, especially the resistance to erosion, of several common polymeric insulator materials under ac and dc voltages of both polarities during inclined plane testing.
EXPERIMENTAL PROCEDURE
The standard includes two ac test methods: the constant tracking voltage method and the stepwise tracking voltage method. The constant tracking voltage method was chosen for the evaluation of the materials. Figure 1 depicts the experimental configuration for this method. 
TEST APPARATUS AND TEST METHOD
A schematic of the test apparatus is given in Figure 2 . A 3.75 kVA, 230 V / 7.5 kV step-up transformer is used to generate the required test voltage. As prescribed by the IEC 60587 standard, a set of current limiting resistors is placed in series with the test sample in order to reduce the leakage current to safe levels. The value of the resistor connected to the circuit is linked to the chosen test voltage range according to guidelines set out in the standard [4] . The leakage currents are monitored and recorded using an on-line leakage current analyzer (OLCA) data logger.
The dimensions of the tested samples were 115 x 47 x 6 mm. The insulator samples are mounted on a support stand in the apparatus, which slants them at an angle of 45° with the test surface facing downwards. The surface is then polluted with a liquid contaminant consisting of ammonium chloride salt, de-ionized water and a non-ionic wetting agent (e.g. Triton X-100). The required volume conductivity of the contaminant is 2.53 mS/cm ± 0.03 mS/cm at a temperature of 23°. The wetting agent helps to overcome the inherent hydrophobicity of some polymeric materials. The standard also allows abrasion of the samples in order to improve wettability. As with the series resistance, the contaminant flow rate is linked to the chosen test voltage range [4] . The liquid contaminant runs from the high voltage (HV) electrode along the sample surface towards the ground potential (GP) electrode located at the bottom of the sample. The application of a test voltage causes a leakage current to flow along the contaminant path, which causes the liquid to heat up and evaporate close to the GP electrode. Dry bands thus start to develop at this location, resulting in electrical discharges and arcing that cause electrical erosion of the material. The test samples are contained in a translucent enclosure for safety reasons.
In order to be able to do tests using dc voltage the apparatus was modified by adding a rectifier to the circuit as shown in Figure 3 . A smoothing capacitor CS of value 17.4 F was chosen to achieve a ripple of less than 2 % at a load current of 0.1 A. The source was therefore considered to have adequate stiffness for the tests. The contaminant flow rate and value of the series resistor are prescribed for each voltage level. Preferred test voltages are 2.5, 3.5 and 4.5 kV. According to the standard, the constant tracking voltage test requires the voltage to be applied to the sample, to be raised to a specific value and then to be kept constant for a test duration of 6 hours or until the sample fails. The IEC standard gives two failure criteria. A sample is deemed failed if 1) the magnitude of the leakage current exceeds 60 mA for more than 2 s, or 2) the sample displays a track longer than 25 mm (as measured from the bottom electrode).
A sample is also deemed failed if it develops a hole or if it catches fire.
Criterion 1 was chosen due to the difficulty of distinguishing between tracking and erosion, and since the leakage current levels are easier to measure and represent an internationally accepted performance criterion.
Evaluation of the samples was on the basis of the following factors: Visual observations and sample appearance, sample mass loss, sample erosion depth, average hourly rms leakage current, hydrophobicity and chemical analysis.
The erosion area and depth were measured in accordance with the specification to an accuracy of 0.01 mm, using a contour measuring machine having a probe diameter of 0.5 mm. The erosion area was defined by the area where the depth exceeded 0.1 mm.
The rms leakage current was measured by an online leakage current monitoring apparatus sampling at a frequency of 2 kHz and the rms leakage current is computed for each one minute interval.
EXPERIMENTAL INVESTIGATION INTO THE EFFECT OF MATERIAL TYPE AND OF VOLTAGE
TYPE A total of 4 insulator materials of high quality were obtained from different manufacturers. These materials are listed in Table 2 . Each test series consisted of 18 samples: 6 for each of the three voltage types: ac, positive dc and negative dc. Each material was chosen to represent commonly used materials.
The aim of the investigation was to compare the relative performance of the materials and also the effect of the voltage type, as indicated in the matrix of Figure 4 . This figure highlights the fact that the performance of each material type is evaluated when energized by the various voltage types, while also evaluating the effect of a specific voltage type on the various materials. The comparisons were done, based on the following evaluation criteria: Visual observations and sample appearance, sample mass loss, sample erosion depth, sample erosion area, average hourly rms leakage current, average dissipated power, sample hydrophobicity and chemical analysis. The choice of the test voltage magnitude was based on studies showing a maximum erosion depth in HTV samples at 4.0kV rms, and with a pollutant conductivity of 2.5 mS/cm [5] .
The same voltage magnitude was chosen for dc as it was argued that erosion and tracking are energy driven processes, depending on the rms value and not the peak value. The distance between the electrodes was 50 mm.
TEST RESULTS
The results obtained included the following: Images of arcing as well as sample appearance and data relating to sample mass loss, sample erosion area and depth, average hourly rms leakage current, hydrophobicity and chemical analysis.
VISUAL OBSERVATIONS
The arcing processes during the tests were carefully monitored by video camera. The visual observations showed, for all materials, the lowest arcing intensity with ac excitation, followed by negative dc excitation and then by positive dc voltage.
After completion of the tests the samples were carefully analyzed. The visual appearance of typical samples, representing the tested materials and type of excitation, is shown Table 3 .
EROSION
As shown in Table 3 the silicone rubber based materials (A, B and D) developed only minor visual erosion during the ac series. Material C (EPDM) showed more severe erosion than the other materials when energized by ac. During the positive dc series, the silicone rubber materials showed a massive increase in erosion, especially materials B and D. These two materials showed erosion to such an extent that failure in several samples (one failure of material B and three failures of material D) occurred due to the formation of holes through the entire sample thickness. The higher occurrence of failures in material D can be attributed to its smaller sample thickness [9] . Material C, on the other hand, showed a visible decrease in erosion compared to the results for the ac test series.
Finally, the application of the negative dc voltage resulted in a lower visual erosion in materials B and D, which however still exceeded the erosion observed during the ac series for these materials. In contrast, material A showed extensive erosion over large areas of the sample surfaces when exposed to this voltage type. The erosion observed in material C was again lower than that observed for this material's ac series.
The erosion severity was quantified by measuring the mass loss, erosion depth and erosion area of the samples, the results being summarized in Figures 5, 6 and 7. Failed samples have been excluded from this analysis. The results in these graphs are the average values of 5 samples of each type as one sample was retained for chemical analysis. The standard deviations are shown as error bars. From a practical perspective, the erosion depth should be considered as the most important factor. When applying these criteria, the HTV silicone rubber materials B and D showed the lowest erosion severity for ac, followed by negative dc and then by positive dc voltage. Individual results varied in terms of which of the two materials showed higher magnitudes for the criteria. The positive dc series, however, consistently showed larger results for material B than for D for all three criteria.
Material A also showed higher mass loss, erosion depth and area for the dc voltages than for ac. However, the highest mass loss and erosion area were measured for the negative dc voltage, while the positive dc series showed a slightly higher erosion depth. Since the erosion depth was limited by the coating thickness, it can be deduced that the erosion was most severe for the negative dc voltage in this material. In the case of materials B and D the highest mass loss was in the case of positive dc voltage with ac and negative dc voltage resulting in low levels of mass loss.
The performance of material C, judged by the three erosion criteria, appears to be similar for the three types of voltages. However, as indicated in Figure 7 , a negative dc voltage results in a larger erosion area and, although masked by the scale of the graphs in the figures, the mass loss was more for ac voltage. 
LEAKAGE CURRENT
The measurements results for the rms leakage currents for all materials are shown in Figure 8 . Higher hourly averages are obtained under dc positive voltage than for ac. However, the application of the negative dc voltage resulted in the lowest rms leakage current measurements for all four materials. Material A showed the highest currents for all test voltages, while material C consistently measured the lowest currents. These results showed no real correlation to the criteria of erosion severity, which indicated that the rms leakage current cannot be used to forecast erosion severity for polymer samples, tested using the IPT method.
As mentioned in section 2.1 the data logging system computes the rms current for every minute during the test. From these data, the total energy for the duration of the test is calculated. The sample average of the energy dissipated during the full test cycle is shown in Figure 9 for all the tests, together with the standard deviations. Failed samples have been excluded from the calculations. 
LOSS OF HYDROPHOBICITY
Measurements were also performed to determine the loss of hydrophobicity in the materials. Hydrophobicity measurements were done, using the spray method described in IEC Standard 62073 [14] . In terms of this standard, a wettability class (WC) of 1 represents a fully hydrophobic surface, while a WC of 7 represents a hydrophilic surface.
The samples were prepared as detailed in the IEC standard, including abrasion using P800 grade sandpaper. Prior to commencement of the tests, the effect of the abrasion was investigated. The results are shown in Figure 10 . It will be noted that the abrasion process increases the wettability of all materials, that material C remains hydrophilic, the hydrophobicity of materials B and D recovers significantly and that the process stabilizes after 24 hours.
A typical sample is shown in Figure 11 . It will be noted that the sample was divided into various areas. In the following paragraphs the main emphasis will be on the "lower 17 mm" in the "affected area", but it is interesting to note that hydrophobicity recovery also took place in the "unaffected areas".
The results of the hydrophobicity tests are given in Figures  12 and 13 . Figure 12 gives the measurements directly after the tests, while Figure 13 gives the data obtained after washing the sample, thus removing the arcing residues.
Comparison of the results of Figures 12 and 13 with the values obtained before commencement of the tests (given in Figure 10) show that all materials experience the highest hydrophobicity loss during the negative dc tests, followed by the positive dc and then by the ac tests. Material C showed the highest permanent loss of hydrophobicity, followed by materials D and B, respectively. The highest degree of hydrophobic recovery was shown by Material A. 
CHEMICAL ANALYSIS
Finally, the chemical analysis by means of an ATR-FTIR analysis was done separately for the silicone rubber based samples (materials A, B and D) and the EPDM material (material C). A typical spectrum for a virgin sample of material A is shown in Figure 14 together with a spectrum of a sample of the same material after exposure to a full ac test. The analysis for the silicone rubbers ( A,B and D) focused on the loss of ATH filler, loss of methyl groups and oxidization through the formation of carbonyl groups, while the EPDM was investigated on loss of ATH filler and formation of carbonyl groups only. This information was obtained by a comparison of the peaks measured in the spectra of the tested and the virgin specimen, by calculating the peak height ratio, whereby the peak height of the tested specimen is divided by that of the virgin specimen. The results for both material types showed little correlation to the intensity of the arcing processes of the different voltage types. Furthermore, the silicone rubber material showed no correlation between the chemical analysis results and those for erosion severity. The only correlation observed was between the results for methyl group loss and the loss of hydrophobicity, in the sense that materials with a greater loss of methyl groups also showed an increased loss of surface hydrophobicity. However, the chemical analysis results for the material C (EPDM) correspond well to the results for the criteria of erosion severity, indicating that the erosion in EPDM can be directly related to the formation of carbonyl groups and the loss of ATH filler material.
The weak correlation observed might have been influenced by the use of relatively large samples and failure to pre-treat the samples with acetic acid as has been suggested by other researchers [7] .
DISCUSSION OF RESULTS
In the test procedure followed, the samples were first abraded in order to increase the wettability and a wetting agent was used in the electrolyte. It was noted that hydrophobicity was lost during the test, but recovered after washing. It was also shown that hydrophobicity recovered on an unenergized sample if left for the duration of a test. The use of the abrasion process should possibly be reconsidered. The leakage current and energy data do not display a large variation in values for the different materials and do not show a consistent correlation with the observed and measured erosion phenomena. It thus appears that while the electrical energy to the samples shows a small variation, the reaction of these materials to the input shows large differences. The energy data are considered more useful than the leakage current data as both the magnitude and the frequency of occurrence are taken into account.
There is also a clear polarity effect when dealing with the dc voltages. The Inclined Plane Test results show that, in the case of materials B and D, electrolyte that flows in a direction away from the positive electrode produces arcs that are more detrimental to the insulator surface than in the case of a negative polarity, while in the case of material A the opposite is true.
At present these effects cannot be fully explained and require further research. However, the following factors are thought to play a role in the results obtained:
-The effect of the magnitude and polarity of the local electric field on hydrophobicity. -The effects of UV radiation and of the different types of water droplet corona (anode or cathode) on hydrophobicity loss -The thermal effects of arcing, leading to chemical change.
The results from the chemical analysis were disappointing and it is believed that the specimen dimensions were too large and that the samples were not prepared properly.
It should be noted, however, that insulator samples are exposed to extremely harsh pollution and discharge conditions when tested using the IPT method. For example, silicone rubber materials are given no opportunity to recover any lost hydrophobicity during the tests, whereas silicone rubber insulators in field conditions usually have enough time to do so and suppress any electrical discharges, thus decreasing the electrical erosion. The IPT test is a materials test, intended to evaluate the performance of electrical materials under severe ambient conditions. The question is how realistic the stresses used in the IPT test relate to the stresses that the material has to cope with in the field. A realistic basis for comparison is that the amount of energy expended by arcing on the sample should be similar to that occurring across a dry band on an insulator in service. This research has also shown that, for example in the case of HTV silicone materials, the worst condition is when arcs originate from a positive electrolyte column.
Such conditions may occur more readily on a suspension insulator on a dc power line having a negative polarity. Further research is currently envisaged to relate the present results to those to be obtained at an insulator test station.
CONCLUSIONS
The Inclined Plane Tests performed in this investigation yielded useful information about the performance of commonly used insulator materials when energized by ac voltage and dc voltage of both polarities. One important observation was that, subjected to this test, EPDM rubber performs better under dc voltage than silicone rubber based materials. It also appears that the dc test is more severe than the ac test for all materials, despite the peak ac voltage exceeding the constant dc voltage by 40%.
Further work is envisaged to perform ac and dc tests at an outdoor pollution test station in order to evaluate the significance of this work in practice. 
